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NATIONALAERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL NOTE D-1267

CURRENT ESTIMATES OF RADIATION DOSES IN SPACE 1

By Trutz Foelsche

SUMMARY

A gross survey of data on energetic radiation in the environment of

the earth is presented. This survey embraces the Van Allen belt radia-

tions, galactic cosmic radiations, and solar cosmic radiations associated

with solar flares. In the light of the current data the radiation prob-

lem is analyzed in terms of shielding requirements to keep exposure down

to "tolerable" limits in manned space flights. The estimates are pre-

liminary, especially in the cases of chance encounter with flare protons,

since the available data are incomplete and only allow calculations of

upper and lower limits of physical doses. Also the contribution of

certain primaries and secondaries to the biological effect is not

finally known.

INTRODUCTION

There are known today three kinds of energetic radiations existing

in interplanetary space, which constitute a potential radiation hazard

for manned space flight:

(I) The Van Allen belt radiations: energetic particles of sub-

stantial intensity trapped in the magnetic field of the earth and prob-

ably in the magnetic field of planets.

(2) Galactic cosmic radiation: protons and heavier ions arriving

from all directions of the galaxy, in part having extreme energies but

of low intensity. This intensity in free space, of course, is substan-

tially higher than that of their secondaries at sea level on earth,

where man is protected by an atmospheric shield equivalent to i0 meters

of water and in medium and low latitudes by the magnetic field of the

earth, which deflects these particles.

(3) Solar cosmic radiation: identified during the International

Geophysical Year as transient energetic proton showers associated with

1This report was presented in abbreviated form as Paper

No. CP 61-1143 entitled "Radiation Hazards in Space" before the American

Institute of Electrical Engineers, Fall General Meeting (Detroit, Mich.),

Oct. 15-20, 1961.



flares on the sun. Flares are intense chromospheric light flashes in
the visible and ultraviolet part of the spectrum accompanyingviolent
plasma eruptions on the sun's surface. In somecases the proton streams
encountering the earth have high intensity and a duration in the order
of days.

The purpose of this survey is to describe hazards produced in space
vehicles by these radiations in an approximate and gross _ay by giving
dose rates and doses in the center of spherical shields of various wall
thicknesses. The doses produced by belt and flare radiations that are
most important with respect to acute radiation hazards are reviewed in
more detail. Dose rate calculations for Van Allen Belt protons, based
on Freden-White's spectrum and neglecting nuclear collisions, were carried
out by HermannSchaefer as early as 1959 (see refs. 1 to 5). For 1960
proton dose rate calculations taking into consideration nuclear collisions
and secondaries and also X-ray dose rate calculations were presented by
Keller and Schaeffer and by Allen, Dessler, Perkins, and Price (see refs. 4
and 5)2. By the sameauthors, dose rate and, in part, dose calculations
also have been madefor the May 1959 solar proton event based on the spec-
trum and data given by Winckler. (See ref. 6.) Upper and lower limits of
doses including those for the July 1959 low-energy and February 1956 high-
energy events were treated by the present author in January 1961 (ref. 7),
based mainly on spectra of Winckler and Bailey (refs. 8 and 9). In the
present paper, in addition, upper limits of spectra at 3 different instants
for the November12, 1960 solar proton event are estimated (fig. 9) on the
basis of the data and spectra given by Van Allen, Winckler, Ney, Fichtel
and Guss, and by Davis and 0gilvle, and on the neutron intensities meas-
ured in DeepRiver, Canada,by StelJes, Carmichael, and McCracken. Since
for this event data are available during a great part of the time of
significant proton influx, the tlme-integrated fluxes resulting from
these spectra and the calculated time-integrated dose rates or total
doses are more certain than in other treated events. The large amount
of data obtained for the November1960 events is of great value for dose
estimates, since these events were extreme in intensity and duration and
since further events of this magnitude are improbable before 1967.

In hhe calculations on flare protons, mainly electronic collisions
of the primaries in the shield are assumed. The result of the calculation
is expressed in physical doses (rep or rad). A summaryof the radiation
levels of galactic cosmic radiation, belt radiations, and solar cosmic
radiations as obtained from the various estimates is presented in table I.
The contribution of secondaries originating in nuclear collisions to the
physical flare proton doses has recently been estimated by scientists of
Lockheed Nuclear Products. The physical doses do not fully determine the

E

_fhese calculations are cited by the author because of their early

availability and this selection does not imply Judgment of work of

authors not cited.



biological effect. Also in the case of galactic cosmic and belt radia-
tion for a more exact appraisal of the biological effects, the contribu-
tion of secondaries produced in nuclear collisions within the vehicle,
the shielding, and the humanbody, and the different biological effects
of the various physical doses throughout the body have to be investigated
further and taken into account. Also included must be the shielding
effect of the body itself. The given dose rates and doses are thus only
rough approaches with emphasison upper limits, which are approximately
valid for shielding up to i_ to 20 g/cm2, rather than a detailed and
final assessment of the biological effects on menbehind high shielding
thicknesses and in large space vehicles. The used radiobiological units
and terms, and physical symbols are defined in the appendix. The for-
merly used unit rep = 93 erg/g absorbed energy for the physical dose,
retained in this report in somefigures and the corresponding text for
reasons of correctness can be replaced in any case by rad = i00 erg/g
without significantly affecting the results. The implicit enhancement
of 7 percent in the dose values is considered as insignificant in the
light of present uncertainties. In the appendix, furthermore, the basic
data and methods used for flare proton dose calculations are given in
detail.

VANALLENBELTRADIATIONS

Spatial Distribution, Energies and Fluxes of Trapped Particles

Figure i presents a survey of the spatial distribution and the
intensities of the energetic belt particles. In the upper part of fig-
ure 1 the isocount lines are drawn by Van Allen according to counter meas-
urements (refs. 13 lO, and ll) with satellites Explorer I, Explorer IV,
and in the outer region with Pioneer IV, March 3, 1959j after a major
solar activity period. The results indicate two regions of maximum
intensity, one at lO, O00kilometers from the earth's center and one at
a more distant region of about 25j000 kilometers.

In the lower part of figure i are shownisocount contours and
measurementswith ionization chamber in Explorer VI at quiet times
(August 1-16_ 1959) of Winckler and coworkers. (See ref. 12.) At this
time the outer region is considerably shrunken and shows two maximaof
intensity. During magnetic storms following this quiet period, further
depletion of the outermost zone was observed. This depletion was, in
turn, followed by a large increase in the intensity and expansion of the
outer belt. The intermediate belt disappeared and similar count contours
were obtained such as those in the upper part of figure 1. A more quan-
titative comparison of the variation of intensities in the outer zone can
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Figure i.- Comparison of the counting rate contours in the radiation

zone as given by Van Allen (upper) and as given by analysis of

Explorer VI (lower) shown on a polar plot. It is apparent that the

radiation zones during the time of Explorer VI have shrunken con-

siderably and changed form since those inferred from the Explorer IV

and Pioneer III and IV data. (Figures taken from ref. 12.)

R denotes rad per hour.



be obtained from figure 2 (ref. 12), which showsthe counts in lightly
shielded counters during flights radial outwards. Pioneers III and IV
had almost identical Geiger Mueller counters (shielding of about i g/cm2
of the samematerial) and nearly identical trajectories. More recent
measurementsrevealed that the count contours in figures i and 2 in the
outer regions reflect mainly the intensities of high-energy electrons

(E > 2.5 Mev) of low flux and their strong intensity variations with

time during solar disturbances of the geomagnetic field. The bulk of

trapped particles appears more stable, especially in the Ironer zone.

Particles, energies, and flux distributions that are observed are about
as follows :

(i) High-energyprotons (3OMev < E < 700 Mev). They are only found

within the inner belt and its near environment (slot) and have an integral

intensity in the center, according to measurements with Pioneer III, in

the order of 2 X l04 particles/cm2-sec (E > 40 Mev). The intensity of

these high-energyprotons appears to vary_ especially in the low-energy

part of the spectrum observed down to at least 8 Mev (ref. 13), slowly

and not in a uniform manner by a factor of 2 to 3 in correlation with

flare activity on the sun, as observed from October 1959 to December 1960

with Explorer VII (ref. 14).

(2) Low-energyprotons (120 key < E < 4.5 Mev) having orders of

magnitude higher intensities. They are observed to extend from a radial

distance of 2.5 earth radii up to 8 to lO earth radi_ throughout the
entire outer zone. A flat intensity maximum (N = lOu to lONprotons/cm2-sec,

E > 120 key) extends symmetrically to the magnetic equator plane in a

radial distance of about 3 to 5 earth radii. These measurements were

reported at a Symposium on Explorer XII, January 1962, by L. R. Davis

and J. M. Williamson of the NASA Goddard Space Flight Center.

(3) Low- and medium-$ner_ electrons (45 key < E < 1.6 Mev) with

high intensity (Nmax _ 108/cm2--sec# 45 key < E < 1.6 Mev# ref. i_;

Nmax _ 5 x 108/cm2-sec ster, E > I0 key, Davis and Williamson). They

constitute the secondmain component, which extends through both belt

regions. Their integral intensity seems to vary _n a lower degree with
magnetic disturbances and remains high (105 to lOO/cm2-sec ster) near

the earth right up to the auroral zone (hmagn = 67.5 ° N) and toward the

distant edge of the outer belt according to measurements with Explorer XII

(ref. 15 and measurements of Davis and Williamson). The intensity of

electrons and their upper limit of energy within the inner belt especially

in the center seems uncertain at present. Preliminary estimates of fluxes

in the heart of the inner belt are:

< 2 X 107/cm2-sec ster, E > 600 kev, 3,600-km altitude

(Van Allen and coauthors, ref. 14)
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Figure 2.- Comparison of Geiger Mueller counter rates for Explorer VI,

Pioneer III, Pioneer IV, and the Russian Mechta space probe. The

various counting rates are on a comparable basis within approxi-

mately 29 percent. Explorer VI shows the lowest intensity of

trapped radiation and Pioneer IV the greatest enhancement of the

radiation regions. These curves illustrate the time variability of

the outer regions over long periods. (Figures taken from ref. ]2.)
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_ i X 107/cm2-sec, E > 500 key

_ 2 X 109/cm2-sec, E = 200 - 500 kevj
(Hoffmanj Arnoldy, and

Winckler, ref. 16)

In lower altitudes are observed intensities of electrons

_(InJun I, l,O00-km altitude,

E > 40 key of 2 × 106/cm2-sec ster L ref. 14)

and

E > 600 key of 4.5 X 105/cm2-sec ster_

and 3 x 105/cm2-sec ster J
(Explorer IV, ref. 14)

The latter at invariant radius r = 1.25 and in magnetic shells

L = 1.3 - 2.2 (slot), respectively. (Definitions of r invariant and

L are given in ref. 14.)

(4) Superimposed to these "lo_'-energy electrons are, in the outer

zone, high-energy electrons E > 1.6 Mev of lower flux (maximum flux,

105 to 106/cm2-sec, E > 1.6 Mev) see also Vernov et al., refs. 17 and 18_

<103/cm2-sec, E > 5 Mev, peaked at about 20_000- to 25,000-km radial

distance) that exhibit strong variations in intensity (factor 50 to 100)

at the peak and toward greater distances.

Proton Dose Rates (Inner Belt)

To calculate the dose rates behind various amounts of shielding

arising, for instance, from protons in the center of the inner belt,

it is necessary to know the energy spectrum of the particles.

The spectrum of protons above 75 Mev in the inner belt was first

measured with nuclear emulsions by Freden and White (ref. 2), but only

near the lower belt boundary at an altitude of 1,200 kilometers near

Cape Canaveral 3 80 ° W., in magnetic latitudes between 20 ° and 30 ° N.

(7 April 1959). The flux was extrapolated down to 40 Mev and estimated

as 1,O00 protons/cm2-sec. The proton spectra on different locations of

the inner zone measured in more recent times3 fall off with energy more

3For example, Sept. 19, 1960, rocket from NASA Wallops Station,

Amagn _ 30 ° N., <l,900-km altitude (ref. 13); Aug. 1959, Explorer VI,

Indian Ocean, Australia, hmagn _ 27° S., <2,500-km altitude (ref. 16)_

October 13, 1960, Atlas, Middle Atlantic, 20o < kmagn < 30° N., <l,185-km

altitude (ref. 19)_ July and October 1961, Midas III and IV polar satel-

lites, respectively_ kmagn from 0° to 30 ° , 3,450 and 3,510 to 3,760-km
altitude, respeCtively (ref. 20).
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steeply than or about equally as the Freden-White spectrum. This means

that the penetration power of the protons at specific locations, espe-

cially in the center of the belt, is lower than calculated on the basis

of the Freden-White spectrum. To arrive at upper limits of doses inside

larger shield thicknesses, the calculations based on the Freden-White

spectrum may be cited (refs. 3 to 5). By normalizing this spectrum to

20,000 protons/cm2-sec of energies E > 40 Mev in the center, the

results are essentially the same and are shown in figure 3.

H. Schaefer4 and Allen and coauthors came to essentially the same

dose rate in rep/hour behind different amounts of shielding (lowest curve

of fig. 3). The higher values of Keller and Schaeffer in rem/hour are

partly caused by the assumption that protons and neutrons of energies

_40 Mev have an RBE = 2 and partly by a somewhat different extrapola-

tion of the low-energy part of the spectrum. Under the assumption that

the spectrum has the same shape in the center of the inner belt as at

the inner edge, self-shielding being neglected and a maximum value of

20,000 protons/cm2-sec with energies of _40Mev being assumed, there

are obtained inside a spherical water shield the following dose rates:

Wall thickness,

g/cm 2 of H20

2

25

Dose rate,

rep/hr

12

2.7

The dose rate decreases only by a factor i/4 to 1/5 by using a heavier

shield of 25 g/cm 2 of H20 or carbon.

In order to provide for possible error in the maximum intensity of

protons and also for variations in the intensity that have been recently

reported, an average flux of 40,000 protons/cm2-sec (E > 40 Mev)_ and the

number of 24 rep/hr behind shielding of 2 g/cm2 appears preferable as

the average proton dose rate in the center of the inner belt and corre-

spondingly approximately 6 rep/hr behind shielding of 25 g/cm 2.

4The lowest curve in figure 3 is deduced from H. Schaefer's "Bragg"

curve for a parallel beam with Freden-White's energy spectrum by multi-

plyingby the factor 20 (that is, 20_0OO pr°t°ns/cm2-sec (center))13000 protons/cm2-sec (1,200 km) '

self-shielding of the body not being considered. Schaefer calculated

also the self-shielding effect behind different amounts of outer shielding

based on this "Bragg" curve for the spectrum considered and the depth dose-

rate distribution in a spherical body phantom for belt and flare proton

spectra.



lO

Estimates taking into account secondaries from nuclear collisions,
especially fast neutrons, are carried out in references 4 and 5 for dif-
ferent structure and shielding materials like Be, C, Mg, and A1, with the
result that the contribution to the physical dose rate for shielding
thicknesses of the order of 20 g/cm2 is about l0 percent in first approxi-
mation. It seemsadvisable to refine these calculations by taking into
account also the contribution of neutrons and 7-rays produced by low-
energy protons (_20 Mev) which maybe high (for example for Be) and to
estimate the biological dose rate in more detail. On the basis of an
RBEfactor of 5 to lO for neutrons in the Mev energy range values which
appear Justified by experience for neutrons from 0.5 to lO Mev, the
theoretical approaches indicate that inside walls with greater thicknesses
such as those of aluminum, secondary neutron radiation contributes sub-
stantially to the biological dose in rem. There still exist uncertainties
in the rem dose values for large shield thicknesses, partly because, for
different materials, the spectra of the penetrating secondaries are not
exactly knownand partly because the RBEfactors of neutrons of different
energies and of nuclear collisions in the humanbody are not well known.

X-Radiation Inside the Vehicle

As the second factor contributing to the radiation exposure of the
crew within the belts, X-radiation inside the compartmentproduced by
electrons impinging on the surface of the spacecraft must be considered.
Within the belts electrons having energies between 40 Key and 2 Mev or
even more - in the low-energy range of high intensity - are measured.
Electrons of lO0 Kev have only a practical range less than 30 mg/cm2 in
aluminum; electrons of 2 Mev have approximately 1 g/cm2 practical range.
Since the wall of the spacecraft has in any case at least someg/cm2
thickness, electrons in the range of 1 to 5 Mevwill not have immediate
effects. In quiet periods, Winckler (ref. 8) measureddirectly lO rad/hr
with an ionization chamberof 1/2 mmor 135 mg/cm2aluminumwall thick-
ness. In the expansion phase after magnetic storms, the dose rate
increased to 30 rad/hr in Explorer VI. These ionization rates are in
part the result of X-radiation produced in the wall and in part the result
of penetrating electrons themselves.

Although the electron fluxes are high (the electron flux E > 20 Key
is estimated to be larger than lO8 electrons/cm2-sec at the peak of the
inner and outer belt), the problem of shielding against the produced
X-radiation is of lower magnitude than that of shielding against the
energetic protons in the inner belt. The intensity of all X-radiation
having energy less than lO0 Key is strongly attenuated by a few millimeter
of steel or other high Z-number material used as construction material of
spacecraft (2-mmsteel attenuates a dose rate of lO0 r/hr, if the
X-radiation has energies <lO0 Key, by more than a factor lO0 to 1 r/hr).
An outer coat of carbon or even hydrocarbon ablation material instead of
aluminumwould reduce the produced X-ray intensity further by a factor
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of 3, since the produced X-ray intensity is proportional to the Z-number.
The results of more detailed calculations depend strongly on the assumed
electron spectra and on constructive details such as wall materials and
thicknesses. With spectra given by Van Allen (ref. lO), Holly and Johnson
(ref. 22), and Walt et al. (ref. 23), detailed calculations for differ-
ent materials were carried out in references 4, 5, 24, and 25 as well as
by staffs of other laboratories. As an example for an upper limit of
X-ray dose rate inside conventional wall materials, the result of Robley
Evans (ref. 25) maybe cited. As material of the outer shell 30-mil
(0.6 g/cm2) steel was assumed. By using as a basis the flat electron
spectrum measuredby Walt et al. on the inner leg of the outer belt at
1,O00-kmaltitude, magnetic latitude 45° north (near Wallops Island, Va.),
and assuming a total flux of l0 ll electrons/cm2-sec of E > 20 Key in
the center of the outer belt, Evans obtained a dose rate of 2 rad/hr.
A. J. Dessler (ref. 5) concluded from energy flux measurementsof Vernov
et al. (refs. 17 and 18) and the spectrometer results of Walt et al.
(ref. 23) that the electron flux (E > 80 Key) should be in the order of
only lO6 electrons/cm2-sec. This value was reaffirmed by O'Brien, Van

Allen, and coworkers on the basis of Explorer XII data measured with

unambiguous detectors (ref. 15). According to these measurements, the

intensities are in the following limits:

E Intensities, electrons/cm2-sec

+ 16 × 107
45 to 60 Key 9

k - 6 × lO7

80 to ii0 Key _ 8 + 16 X 107

- 5 x 107

ii0 Key to 1.6 Mev <108

1.6 Mev to 5 Mev 2 +_ 1 x I05

>5 Mev <103

Although higher energy electrons are observed (Walt et al. measured the

spectrum only up to 400 Mev), the safety factor in this spectrum

_i0 I0 electrons/cm2-sec of E > 200 Key) is so high that the given value

of 2 rad/hr appears nevertheless highly conservative especially for a

typical spacecraft with carbon-covered steel and aluminum walls of some

g/cm 2 thickness.

If these maximum dose rates - the proton dose rate of 6 to 24 rep/hr

in the inner belt dependent on shielding and of some rem/hour X-radiation

in the outer belt - are compared with the doses characteristic for radia-

tion sickness (that is, i00 to 200 rem), it can be recognized that for

a trip straight through the belts, that is, passing the inner belt in

about i0 minutes and the outer belt in about 2 hours, no acute radiation

symptoms should be anticipated.

The radiation hazard increases very rapidly if the spacecraft stays

within the inner belt, for instance, for longer periods. Even with heavy
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shielding of 25 g/cm2, the crew would receive in 24 hours more than
150 rem in the center of the inner belt.

The high doses produced by the electrons and also low-energy protons
(0.i to 5 Mev) directly on the surface of the vehicle maybe furthermore
mentioned. By assuming fluxes >108 to !O9 particles/em2-sec of protons
and electrons in the outer belt, dose rates of 0.5 to i X 106 rad/hr are
obtained; these dose rates have damagingeffects on, for example_unpro-
tected photovoltaic cells and possibly even on plastics used in communi-
cation satellites, if they remain for months and years inside the belt
regions. For extended periods also the penetrating belt radiations
should constitute a limiting factor for the use of certain electronic
devices (e.g., transistors) inside the vehicle.

GALACTICCOSMICRADIATION

Intensities and Overall Ionization Dosage

The primary galactic cosmic radiation consists of positively charged
atomic nuclei of high energy3 mostly protons (_85 percent), mparticles
(_13 percent), and a few heavier nuclei observed up to tin (Sn), stripped
of all electrons. Figure 4 gives an illustration of the cosmic-ray
intensities near the earth and their variation with solar activity. It
showsa meridional cross section of the overall ionization on top of
the atmosphere (for about l0 g/em2 atmospheric depth, that is, 100,O00-ft
or 30-kmaltitude) produced by galactic cosmic rays and their secondaries.
During solar minimumyears, the ionization is higher by a factor of about
2 above the poles. As is shownnear the origin of the abscissa, the
ionization above the magnetic equator at an altitude of 30 km is low as
a result of the shielding effect of the magnetic field of the earth and
is about equal during solar maximumand solar minimumyears. The
increase of ionization during solar minimumyears by a factor of about
two on the poles and not on the equator reflects the fact that the low-
energy part of the primary spectrum is increased during this period,
since only the low-energy particles have access to the poles but not to
the magnetic equator. This fact is of certain biological significance,
which is discussed subsequently. (See section on "Heavy Primary Hits.")

During solar activity years sudden further decreases of ionization
of as muchas 25 to 30 percent are observed. These so-called "Forbush
decreases" are associated with solar-flare activity. Simultaneous
observations (ref. 26) of such decreases both on earth and aboard space
probe Pioneer V (1960 Alpha) during 1960 and at 5,000,000 kilometers from
the earth indicate that they are due not to distortion of the earth's
magnetic field but to interplanetary magnetic clouds associated with
ejected solar plasmas.
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From the general viewpoint of implications to space flights, the

most important fact is that the flux of galactic cosmic rays in inter-

planetary space is very low in comparison with the flux in the belt or

in maJor solar proton beams, namely,

particles
N=2.5

cm2-sec

during solar activity years. This flux is about four orders of magnitude

lower than the maximum flux in the inner belt. It may be supposed,

therefore, that the normal ionization dosage of galactic cosmic rays lles

under any acute level. By carefully taking into account the higher spe-

cific ionization of heavier primaries and their higher BBE, a dose rate

of about 0.45 rem/week in free space is calculated, if no shielding is

provided, except self-shielding of the body (refs. 27 and 28) and second-

aries produced in the body are neglected. The maximumpermissible dose
rate for radiation workers is at present O.1 rem/week or 5 rem/year for

persons from ages 18 to 68 or a total of 250 rem during an adult's life-

time (ref. 29). Thus, the normal ionization dosage by galactic rays
should at least not lead to acute or disabling symptoms, even if the

spacecraft crew is exposed to this space radiation for a year or more

(25 to 50 rem), and even if secondaries produced inside the body and in
the vehicle material double this dose (50 or lO0 rem/year during solar

maximum or solar minimum years, respectively). Shielding to reduce this

overall ionization dosage produced by galactic cosmic rays, say for the

solar minimum years when the ionization is higher by a factor of about

two, would be a very expensive task in terms of weight. The reason is

that shields up to 80 g/cm 2 even of low-Z-number material reduce the dose

rate only by a small amount or even increase the dose rate, the latter

during solar activity years, when apparently the low-energypart of the

primary spectrum is cut off by interplanetary magnetic fields. With such

high-energy beams, a buildup of secondaries occurs as has been observed

in the atmosphere for a depth of about 60 to 80 g/cm 2 during solar activity

years. During minimum solar activity years this transition effect is

covered by the ionization produced by low-energy primaries.

Heavy PrimaryHits

An important component of the galactic cosmic radiation, namely, the

low-energyheavy primaries may be considered separately. As emphasized

by Hermann Schaefer, Yagoda, Tobias, Haymaker, and other scientists, the

biologically most effective component of the galactic cosmic-ray beam

should not be the overall ionization dosage produced in the body but the

number of slow heavy primaries, which come to rest by electronic colli-

sions in the unshielded body.

L

1

9
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(a) Ionization peak and thin-down part of a heavy nucleus track of
Z _ 50 (tin) recorded at 105,000 feet and 55° N latitude with
emulsion chambermethod, by HermanYagoda, Laboratory of Physical
Biologyj National Institutes of Health.

L-62-2051
(b) Microphotograph of two sections of a heavy nucleus track

Z = 20, and a Thorium alpha track (E. P. Ney and Ph. Freier,
University of Minnesota). Left, heavy nucleus of 4,000million
ev energy; center, heavy nucleus at 400 million ev energy;
right, thorium alpha track; total vertical length of the visual
field, 58mlcra.

Figure 5.- Heavy primary tracks in nuclear emulsions.
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Figure 5 (ref. 30) shows the ionization spread and thin-down part of

such heavy primaries that come to rest by normal ionization without under-

going nuclear collisions, in comparison with the ionization track of a

thorium e particle. (See right side of fig. 5(a).) The density of the

ionization column around the track increases with Z2 where Z is the

atomic number or charge of the impinging particle. In the core of the
column occur doses of l0 b to 2 × 10* roentgen. The biological effect of

such broad columns of ionization with a diameter comparable with the

diameter of living cells (10_) is considered as more profound than the

effect which corresponds to their contribution to the overall ionization

per volume or gram (the latter is low, approximately 5 percent at the top

of the atmosphere). If such a particle traverses on its path sensitive

cells, which the body cannot replace, that is, receptor cells of the eye

or ear, more serious consequences are anticipated than if the produced

ionization is uniformly distributed through the volume, or concentrated

on thin tracks. The number of these hits 9 per unit volume of the body

is therefore a more adequate measure of their biological effect than

their contribution to the dose in rep or rad.

To give an order of magnitude of the number of heavy primary hits

on top of the atmosphere, the results obtained during the Man High II bal-

loon flight, August 1997, may b@ recalled. (See ref. 31.) During a stay

of 15 hours at over 90,000 feet altitude (in latitude >55°)_ the number of

calcium (Z = 20) up to iron (Z = 26) hits recorded in three emulsion

pellicles 3 X 4 inches X 600_ thick placed on the arms and the chest of

the pilot were 3, l, and 2. The number of lower Z-number hits was in the

order of 25 per pellicle. The number of hits (Z > 6) in the whole body

during this 15-hour flight is estimated to have been about 150,000

(volume of the body is approximately 79,000 cm3). Although this total

number appears to be high, the number per cubic centimeter is only

approximately 2. It was not possible to detect significant biological

effects after the flight during subsequent weeks and years of observation.

The number of hits/cm3that can produce significant effects on man is not

as yet clear. At this time one cannot exclude the possibility that the

heavy primaries may constitute a radiation danger for expeditions of long

duration in a lightly shielded space vehicle. Fortunately, the shielding

against low-energy heavy primaries is a easier task than shielding against

the high-energy protons and secondaries with low charge. The heavy pri-

maries come to rest by normal ionization in relatively low shield thick-

nesses because of their high-energy losses, or, if more energetic, convert

in nuclear collisions; because of their larger cross sections, into par-

ticles of the lightly ionizing type and these have a lower biological

effectiveness. Especially favorable in terms of weight for protection

against thin-down hits is low-Z-number material# as it is also for pro-

tection against protons. Preliminary estimates indicate that a

spherical shield having a thickness equivalent to 20 g/cm 2 of H20 would

be necessary to reduce substantially the number of hits in a target like

5Called "thin-down" hits because of their arrow shape.
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man's body. The shielding effect of the atmosphere against heavy pri-

maries can be observed in the curves of figure 6 extrapolated by Yagoda

(ref. 32) from careful emulsion measurements in high-altitude balloons in

high latitudes. The symbol P denotes the number of hits/cm3 per day.

The number of hits in 20 g/cm 2 depth of atmosphere (87,000 feet or 26.4-km

altitude) is reduced by a factor of 8 during solar minimum years and by a

factor of 3 during activity years and tends to zero for depths of 40 g/cm 2

in an altitude of about 70,000 feet.

SOLAR COSMIC RAYS

As the third and most important problem, the radiation hazard of

energetic solar flare particles has to be considered. This solar cosmic

radiation was detected at sea level in some events as early as 1942 by

Forbush and Ehmert. Such high-energy proton events that penetrate with

their secondaries to sea level are rare. Since the direct measurement

of solar protons of lower particle energy in balloons by Winckler in 1957,

which are more frequent and are observable only in high altitudes and

latitudes, distinction is made between high-energy events with relativ-

istic particle energies up to 20 Bey but having generally lower inten-

sities and duration, and low- and medium-energy events with particle

energies up to 400 Mev or few Bey, respectively, in some cases of extreme

intensity and duration of the order of 1 week.

Frequencies

The high-energy events until 1959 including one mediumlenergy event

during the three last solar cycles are indicated in figure 7 by the ver-

tical bars. The figure shows furthermore the correlation of flares and

sunspot numbers. One or two high-energy events are observed every 4 to

5 years along the rising and falling slope of a sunspot cycle. The most

energetic and intensive event since 1938 occurred on February 23, 1956.

The frequency of low- and medium-energy events are shown in figure 8

(modified from fig. 20 of ref. 33; see also ref. 34). The events are

indicated by crosses in the figure. About 5 to 13 events occurred per

year that were intense enough to be detectable with riometers6 or in

instrumented high-altitude balloons in high latitudes. Most of these

low-energy events do not constitute a danger in a space vehicle shielded

by about 5 to lO g/cm 2 of low-Z-number material because of their low

intensity.

6Radio ionospheric opacity meter: measures the cosmic radio noise

absorption at 28 and 50 Mc in the lower ionosphere (30 to lO0 km) caused

by penetrating ionizing particles and protons.
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Extreme flux low- and medltun-energy events, which produce a radio

attenuation of l_ decibels and more (28 Mc) constitute, however, an

appreciable hazard (indicated by circles in fig. 8). Of such extreme

events only 2 to 4 per year occurred during the last years of high solar

activity. Of course, sometimes 2 or more occurred in very short succes-

sion within a few days, like the events on July lO, 14, and 16, 19_9 and

the events on November 10, 12, and 15, 1960.

Prediction of Quiet Periods and Encounter Probabilities

A second purpose of figure 8 is to indicate a correlation between

occurrence of penumbral areas around sunspot groups that exceeded a

critical area and proton events 3 a correlation used by Anderson for pre-

diction purposes (ref. 33). These times of large penumbras are indicated

by hatched boxes. In all except two instances no solar events occurred

during periods of absence of large penumbral areas_ and when such events

occurred, they were not earlier than 2 days after the increase of

penumbral areas. On the basis of Anderson's analysis of the years 19_7

to 19}9 it appears that absence of major events can be predicted for

excursion times of 2 to 4 days with acceptable reliability from observa-

tion of sunspot groups. For excursions of 7 days or more, however, the

probability of encountering a strong event increases rapidly. The pos-

sibility of developing methods that reliably predict longer quiet periods

in the order of lO to 14 days duration on the basis of penumbra or magnetic

observations on sunspot groups appears to be low to astronomers at present.

The reason for this view is in part a proton-producing flare occurring

on Septembe_ 30, 1961, which occurred in an unsuspicious region without

sunspot groups and the rapid changes which the sunspot groups undergo.

On a purely random statistical basis of occurrences, the probability

4 = 0.11 or
of encountering an extreme event in a 10-day trip would be 36.---_

ll encounters in lO0 flights, four extreme events per solar activity year

being assumed. The probability of encountering two events or more would

be 0.006 or 0.6 percent. It should be noted, however, that these events

tend to occur in bunches. By investigation of the last three solar

cycles, on the basis of a correlation between flare events and large

magnetic disturbances as measured by a magnetic index Ap >80, Adamson

and Davidson (ref. 35) found that the bunching effect diminishes the

probability for one event by a factor 0.8 and increases the probability

for two or more events in a lO-day excursion by a factor >2 to about

1.2 percent. These encounter probabilities for short-time excursions

are considered as too high to be ignored and, as long as no reliable

prediction criteria are found, an amount of shielding is recommended that

reduces the dose accumulated in two or three events to tolerable limits

even for expeditions of only lO to 14 days duration in space. Adequate

shielding appears to be indispensable for excursions of longer duration
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during solar activity years, such as a Mars expedition, which would take
more than a year.

MaximumFluxes and Spectra

To obtain a survey about dose rates and doses and shielding require-
ments, it is necessary again to know the fluxes and the spectra, and
equally important 3 their variations with time especially during the
maxlmumintensity phases of such proton events.

Referring to maximumintensities, it is knownthat the fluxes of
energetic protons of various events vary in wide limits - by about six
orders of magnitude - from cosmic-ray background intensity of
2.5 protons/cm2-sec, corresponding to a dose rate of O.1 rad/week up to
possibly 106 protons/cm2-sec, corresponding to up to thousand tad/hour
behind a small amount of shielding. To obtain upper limits of doses
only fluxes and spectra of the most extreme events observed in the last
solar cycle, as given in figure 9 are considered.

The fluxes of particles having energies >E are plotted against the
energy E in Bey on the abscissa. These spectra have a commoncharacter-
istlc, they fall off muchmore steeply in the high-energy range than the
spectra of the inner belt protons or of galactic cosmic protons. This
characteristic leads to the expectation that, with practical shielding
amounts in the order of 30 g/cm2j the main intensity can be cut off, at
least for low- and medlum-energyevents. For example, in the May 1959
low-energy event after 33 hours using a 30 g/cm2 H20 shield corresponding
to the range of 220 Mevprotons, only approximately lO0 protons/cmL-sec
sterad with E > 220 Mev penetrate the shield; the lO4 times higher flux
of particles E < 220 Mev is absorbed in the shield.

During the high-energy event on February 23, 1956, however, only a
small - of course, not insignificant - part of the spectrum could have
been cut off by the shielding amount of 30 g/cm2• The steep decrease of
the spectrum begins not earlier than at approximately 1 Bey and it is
necessary to use a water shield of 3 meter thickness to cut off all
particles with lower energy. The shielding effect of even 3 meters of
H20 is still overestimated based on these electronic collision range
considerations. The fact is disregarded that most of the protons would
undergo nuclear collisions producing secondary protons, neutrons, and
mesons, which penetrate in part even farther andproduce further pene-
trating secondaries by decay or nuclear reactions.
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Figure 9.- Integral energy spectra of solar flare cosmic rays, inner

belt protons, and galactic primary protons. The spectra of February

19_6, May 19_9, and of galactic cosmic rays are plotted against

energy from the rigidity spectra given by Winckler (ref. 6) and

Bailey (ref. 9)- The spectra of November 12, 1960 are extrapolated

from spectra given by Fichtel and Guss (personal communications) and

measurements of Davis and 01givie (personal conmmications),

Van Allen (Explorer VII, personal co_nunicatlons), Winckler (ref. 8),

and Ney (ref. 36). The inner belt proton spectrum (center) is

obtained from Freden and White's spectrum in 1,200-kilometer altitude

(ref. 2) by multiplication by 20.
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Dose Rates and Upper and Lower Limits of Doses

From these spectra the dose rates beneath various shielding thick-

nesses at that particular instant for which spectrum is given can be

approximately calculated. (See appendix.) Qualitatively, the different

penetration power of solar beams can be seen in figure 10, which shows
the slower decrease of the dose rate with increasing shielding thickness

in high- and medium-energy events in comparison with the fast decrease

in low-energy events, neglecting secondary production, and assuming that

all protons are slowed down by electronic collisions only. (See also

refs. 7 and 37.)

For estimating the radiation hazard of such proton events it is,

however, necessary not merely to consider the dose rate as a function of

shielding thickness but the time-integrated dose rate or the total dose

accumulated during the entire event rather than the dose rate at par-

ticular instants. The biological effect is measured by the dose itself.

For accomplishment of these dose calculations it is necessary to know the

variation of the spectra with time or the time profiles of intensities of

particles above the various energies.

Each of these proton events has its own - often complicated - time

history of intensities and spectra dependent on the source spectrum on

the sun and magnetic fields between sun and earth. Frequently, rapid

increase is followed first by a fast and later by a slow decrease of the

intensity as shown in figure ll (ref. 38). The surge of secondary

neutrons at sea level in figure ll reflects, of course, only the intensity

of the high-energyprotons (E > 1 Bev) on top of the atmosphere.

The increase and _O-percent decay period varies in duration from

some lO minutes (fast riser) to 24 hours (slow riser) in different events.

Sometimes multiple peaks appear in the early phase. This effect is seen

in figure 12 (from ref. 39), which shows the slow neutron increase during

the November 12, 1960 event.

Unfortunately, the intensities and the spectra during these early

phases of maximum intensity that contribute most to the dose are not

well known in many cases. For this reason, in figure 13 only rough

estimates of upper and lower limits of doses in the various events can

be given. These estimates are derived (see also ref. 7) on the basis of

the spectra, extrapolated in part, in figure lO and time profiles of

intensities extrapolated from neutron monitor, riometer (see ref. 40),

balloon (refs. 8 and 36), rocket7 (refs. 41 and 42), satellite

(Explorer VII), and space probe measurements (Pioneer V, ref. 6) as

described in the appendix.

7See also: Novick, D., ed.: Minutes of Meeting NASA Advisory

Committee on Nuclear Energy Systems. NASA Marshall Space Flight Center

(Huntsville, Ala.), May 1961. (Not generally available.)
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November 12 to November 15j 1960 and meson decrease measured
at Massachusetts Institute of Technology. (J. F. Steljes,

H. Carmichael_ and K. G. McCracken, ref. 39.)
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Note some dose values, as follows: Behind a shield of 2 g/cm 2 of

H20 a dose in the 1,000 rep range could possibly be received; behind a

shield of 25 g/cm 2 of H20 _ the dose would be reduced to an upper limit of

50 rep in the high-energy event of February 1956. In the low- and

medium-energy events the upper limit would be below 25 rep behind a

shield of 25 g/cm 2 of H20.

It should be mentioned that the upper limits of doses for the May

and July 1959 events and for the February 1956 high-energy event are

probably assumed to be unnecessarily high. (See ref. 6.) These values

are more uncertain than the values given for November 12, 1960, where

more spectra are available. It is, however, obvious that operating

during such events in a lightly shielded space vehicle or staying on the

moon surface protected only by a space suit for extended periods would

be dangerous, since radiation sickness can be expected at doses of 150

to 200 rem.

These considerations may be summarized with the statement that

about 25 g/cm 2 of H20 equivalent shielding would be sufficient to reduce

the exposure of the crew to 25 to 50 rep for every extreme event observed

thus far. If two or three encounters are considered, total shield weights

of 20 to 25 g/cm 2 of H20 would maintain the sum of the doses from the

encounters at less than lO0 rep. These estimates include in the author's

opinion a substantial safety margin, since no self-shielding is taken into

account and since, furthermore, the spectra for solar proton events and

the time profiles of intensities used here are upper limits.

Of course, the question of contribution of secondaries, especially

neutrons behind large shield thicknesses, to the dose has to be investi-

gated in more detail. A rough estimate (ref. 7), using the prompt spec-

trum of the February 23, 1956 high-energy event_ shows that the contribu-

tion of neutrons to the physical dose rate in rep/hour is about 15 percent

behind a shield of 25 g/cm2 of H20. However, the contribution of secondary

neutrons to the biological dose in rems should be higher and has to be

taken into account for low-energy events_ too_ which apparently can exhibit

extreme proton fluxes in the low-energy range with subsequent neutron and

7-fluxes that cannot be ignored. Approximate calculations in reference 43

show that in low-energy events such as that of May 1959 inside aluminum of

thickness >20 g/cm 2 the contribution of secondary neutrons to the rad dose

would be about 40 percent, inside H20 less than 20 percent.

SUMMARY OF RESULTS AND CONCLUDING REMARKS

Galactic cosmic radiation constitutes a comparatively minor hazard

insofar as the overall ionization dosage is concerned. At the low level
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of 0.5 rem/week or I rem/week during solar activity years, it has signif-

icance only on a trip of extended duration. In i to 2 years a dose of

about 50 to I00 rem would be accumulated In a space ship during solar

activity years. In adding up this amount of chronic low-level irradia-

tion to other more acute doses associated with belt and flare radiations,

it is necessary to apply a reduction factor to the galactic dose because

of recovery of somatic damage, except for genetic effects, which are,

however, considered as insignificant for doses in the order of 50 to

100 rem for one generation.

The effects of certain secondary components and of the heavy primary

component of the cosmic-ray beam at long-term low-level exposure are not

definitely known at present. The number of heavy primary hits without

any shielding in free space is low, on the order of 6 to 40 per cubic

centimeter of tissue per day. It cannot be excluded that staying with-

out substantial shielding for months in space would lead to injury.

Fortunately, shielding in the order of 30 g/cm 2 of low-Z-number material

would reduce the number of heavy primary hits by a factor 15 or 4 during

solar minimum or solar activity years, respectively. The number of hits

decreases fast to zero with higher shield thicknesses; these thicknesses

should be available in the form of propellant and supplies for long-term

excursions.

The radiation of the earth radiation belts, although of 104 times

higher proton intensity in the center of the inner belt, is nevertheless

no major hazard if the vehicle crosses the critical part of the inner

belt in i0 minutes, as was done by Pioneer IIl and IV. The proton dose

is estimated to amount to only 3 to 6 rad for exit and return through

the center in a lightly shielded vehicle. The secondary X-radiation

from the belt electrons is probably held substantially below the level

of i to 2 rem/hour by the normal content of low- and high-Z-number

material of the walls of a typical vehicle, especially if these walls

are covered by low-Z-number material on the outside.

The most serious radiation problem for longer excursions into space

during solar activity years is apparently posed by solar-flare proton

events. The potential radiation hazard depends on the date of the

excursion. During solar minimum years no flares of importance are

observed for more than a year. During solar activity years, even for

excursion times of only l0 to 14 days, the probability of encountering

an extreme event is not a negligible quantity. The absence of such

events for such periods can also not be predicted from synoptical obser-

vations of solar phenomena with acceptable reliability at present.

Adequate shielding for excursions of the order of weeks is recommended

and becomes a necessity for trips of longer duration during solar activ-

ity years.
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upper and lower limits of doses as functions of shielding thickness
are given in table I. Since more data have becomeavailable_ especially
about the intensities in the early phases of these events, it would
appear that the upper limit of proton rad doses given in this table are
unnecessarily high in someevents. From calculations to date, it appears
that in first approximation these upper limits maybe considered as rem
doses, including the contribution of secondaries, especially neutrons,
to the biological dose, with the reservation that the shielding material
has to be appropriately selected on the basis of detailed investigations.
Based on these upper limits the result is obtained that shielding equiv-
alent to 25 g/cm2 of H20 would have been sufficient for reducing the dose
to 25 rem for every extreme low- or medium-energyevent observed so far
and for reducing the dose to 50 rem in passing through the event of
February 23, 1956, the most intense high-energy event of the last two
solar cycles. With respect to the radiation hazard during excursions
with a duration of weeks or more, it must be rememberedthat two or three
solar proton events of comparable intensity frequently occur in short
succession; therefore, the accummulateddose with shielding of 25 g/cm 2

would increase to 75 to lO0 rem. For long-term excursions due to the

contribution of galactic cosmic rays, even heavier shielding may be nec-

essary to reduce the contribution of flare events.

According to these preliminary estimates the radiation problem in

space appears to be more serious than was suspected even 5 years ago, as

Alvin M. Weinberg of the Oak Ridge National Laboratory has emphasized.

(See ref. _4.) The feasibility of longer excursions also during solar

activity years appears, of course, not questionable. If supplemental

shielding is provided by appropriate positioning of equipment and supplies,

the necessary additive weight for individual shielding should hardly sur-

pass 25 percent of the space-vehicle weight as it is envisioned even for

smaller vehicles without regard to shielding.

Langley Research Center,

National Aeronautics and Space Administration,

Langley Air Force Base, Va., March 12, 1962.
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TABLE I .- ESTIMATED RADIATION EXPOSURE IN SPACE

(a) Galactic cosmic radiation

During solar

activity years

Gross ionization

dosage

0.45 to 1.0 rem/week

25 to 50 rem/year

Keavyprimaryhits

Without shield 20 g/cm 2 of I{20

6/cm3/day 2/cm3/day

(b) Belt radiation

Shield thickness

Inner belt

protons (center)

Outer belt elec-

trons (center)

X-radiatlon

Inside spherical shields, neglecting self-shieldlng

2 g/cm 2 of H20

12 to 24 rad/hr

6 to I0 g/cm 2 of

A1 + steel

<2 rem/hour

25 g/cm 2 of H20

2.7 to 5._ rad/hr

(c) Solar cosmic radiation

Low energy,

extreme flux,

May, July 1959

Medium energy,

extreme flux#

November 1960

Inside spherical shields, neglecting self-shielding

2 g/c_2 ofH2o

2,500* to 15,000" rad

600 to 800 rad

80 to 400" radHigh energy,

high flux,

February 1956

*These values are extrapolated and highly uncertain.

25 g/cm 2 of H20

6 to 25 rad

6 to 19 rad

25 to 50* rad



32

APPENDIX

C_TION OF PROTON DOSE RATES AND DOSES IN THE

CENTER OF SPHERICAL SHIELDS

Definition of Dose Units and Terms Used in Radiobiology

The following definitions of dose units and radiobiological terms

are used:

r (roentgen): 1 r is the amount of X-radiation which produces

2.08 × 109 ion pairs (one electrostatic unit of charge) per cubic

centimeter of standard air (energy absorption, 83.7 erg/g air).

This amount of X-radiation deposits, however, in 1 gram of mate-

rial of higher Z-number (for example, bone) much more energy than

in 1 gram of soft tissue, water, or air, especially if the

X-radiation is soft. Since the amount of energy absorbed per gram

or the number of ion pairs per gram is in first approximation a

measure of the biological effect, at present simply the absorbed

energy per gram produced by any kind of radiation (also particle

radiation) is commonly used as a measure of the physical dose.

Its units are rep or rad.

rep (roentgen equivalent physical): 1 rep is defined here as

93 erg/g absorbed energy. This energy is absorbed by 1 gram of

soft tissue or water exposed to 1 roentgen of X-radiation

(E >= 200 Key).

rad: 1 rad = !00 erg/g absorbed energy.

BE (relative biological effectiveness): Low-energy protons

(E < 15 Mev), m and heavier ions 3 which ionize more densely

along their paths have generally a higher biological effect

than X-radiation at the same ionization or energy absorption per

gram, that is, at the same rep or rad dose. Hence, for particle

radiation this physical dose has to be multiplied by the EBE

factor which is dependent not only on the specific radiation,

but also on the specific effect and organ in question, and on

the mode of application, to obtain the biological dose in rem

(roentgen equivalent men).

Dose in rem = Dose in rep (or rad) × RBE
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The EBE factor can have values from 1 to 15, the latter for

relatively slow heavily charged particles. The RBE of pene-

trating high-energy proton beams in the energy range l0 Mev

to 1 Bev, which are mainly of concern in space vehicles, have

in general only an EBE _ 1.5 because of their low specific

ionization. This value refers to bone marrow, intestinal, and

general somatic damage, if secondaries can be ignored. Special

attention has to be given to the eyes so that they are not

exposed to low-energyprotons and fast neutrons.

dose limits: An acute total body dose of 450 rem is lethal for

50 percent of men exposed and is designated as LDS0.

Other doses are defined as follows:

150 to 200 rem: average acute total body dose for radiation

sickness.

80 to lO0 rem (acute, total body): "critical dose" produces

light symptoms of the acute syndrome for 5 to lO percent of

those exposed to it in a period of about 1 day or shorter.

Z

E

P

t

R

X

S

Symbols

atomic number of nuclei or positive charge in elementary units

kinetic energy of particles in ev (i ev = 1.6 × 10 -12 erg;

Key = 103 ev; Mev = 106 ev; Bev= 109 ev)

number of hits per cubic centimeter emulsion per day

time, sec

ranges of protons in matter, assuming electronic collisions

only, in g/cm 2

number of particles having energies >E, which arrive per

unit time isotropically from a solid angle 1 steradian or

4_ and penetrate a sphere of 1 cm 2 cross section. This

number of particles/cm2-sec-ster or partlcles/cm2-sec,

respectively, as a function of energy is called "integral

energy spectrum."

number of protons/cm2-sec per unit range (g/cm2); as function

of range called "differential range spectrum," dN/dR

thickness of shield in g/cm 2

linear energy loss per unit mass (proportional to specific

ionization) or mass stopping power, Mev/g/cm 2



k dimension constant

D dose, see units defined in preceding section

Subscripts:

max

mln

0

maximumvalue

minimumvalue

initial conditions

Dots over symbols denote derivatives with respect to time.

Dose-Rate Calculations

The contribution to the physical dose rat_ behind a plane shield of
thickness x g/cm2 from a parallel beamof N°(R)dr protons/cm2-sec
having a range between R and R + dr g/cm2, nuclear reactions being
neglected, is given by

dD(x)(_) = k • S(R - x) • _'(r)d2

as seen in figure 14, or

dD(x)(rep_ = 1.25. 10_4. S(R- x). N'(R)dR
\hr/ Smin

Here S(R - x)/Smi n is the energy loss S(R - x) of protons of the

range R - x over the constant minimum energy loss Smi n of protons of

relativistic energies (2 Bey), for example, in water.

protons

N'(R) = dNdR is the flux of protons of range R in \cm2__e c . g/cm2 _

The physical dose unit 1 rep (roentgen equivalent physical) is defined

as 93 erg absorbed energy per 1 gram, which corresponds to the energy

absorbed in 1 gram water at an amount of X-radiation of 1 roentgen and

is substantially the same as the more modern unit 1 rad = lO0 erg/g.

The dimensional factor k • Smi n = 1.25 • l0 "4 is obtained by transition

from Mev/g and from seconds to rep units and hours

I - Mev = 2.0 • 1.6 • 10 -6 er__= 2.0 • 1.6 • 10-6 rep_cm 2 has
Smin : 2.0 g/-_m2 \ g/cm 2 93

to be multiplied by 5,600_.
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,_- dD(x) = S(R-x)'N (R)dR /_1., _' _/ I _
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.. I i_R
x-_! R ,J

I

Figure I_.- Dose rate behind a shield of thickness x is obtained by

summarizing the contributions of all particles with range R > Xo



If there is an omnidirectional isotropic flux of N'_ protons
\cm2-sec-g/cm2J '

a sphere of cross section i cm 2 in the center of a spherical shield of

thickness x receives correspondingly a dose rate of:

f:moo

_tx){_e--_h--1.2_ • lO-_ S(R - x)_,(R)_
\ hr / =x Smln

(1)

The integral is replaced in the numerical calculations by

R=x Smin +

where _/Smi n is obtained from the energy loss or stopping power formula

for water. (See fig. 15; refs. 45 to 47.) The stopping power and curves

of range plotted against energy for iron in figures 15 and 16 are taken

from the energy-loss-momentum and range-momentum curves (ref. 47, pp. 38

and 44) by replacing momentum by energy on the abscissa.

The steps dR are taken as small as 50 mg/cm 2 for small R - xj

because of the very steep increase of S for small arguments. The sum-

mation was extended up to R = 500 to 1,O00 g/cm 2 for low- and high-

energy events, respectively.

The differential range spectra N'(R) are derived from the integral

energy spectra figure 9 by numerical differentiation and multiplication

with the factor dE/dR (fig. 15, water) as follows:

_-_.dEdR

Formula (i) can be written in the form (this form is found in

ref. 1j Van Allen and Frank):

1
f)(X)(_) = 1.25 " k_---4X \cm2 sec /

(2)
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Here the N(x) = N'(R)dR protons/cm2-sec penetrating the shield

:X

thickness x can be read directly from the respective integral

energy spectrum of figure 9 (ordinate to be multiplied by 4_

to include complete sphere) and by using the range energy rela-

tion of figure 16.

The average relative energy loss of these N(x) penetrating

protons is defined by

R S(R -

/R (R)d 
--'X

The calculation of I_-_-) is tedious because for each x an integra-

\ in/X

tion has to be performed over the product S(R - x)_.(R). The range of

Smln
its values dependent on the differential range or energy spectrum may

therefore be indicated. S(R - x) decreases from 125 to 1 if the pene-

Smin

trating protons vary in their energy from 1 Mev to relativistic energies

(>l,OO0 Mev), but only from 7 or 3 to l, if only the penetrating protons

E > 40 Mev or E > lO0 Mev, respectively, are considered. If the

percentage of low-energy protons (E < 40 Mev) after penetration is small,

as it is the case behind some g/cm 2 shielding_ the average S/Smi n lies

between 8 and 1.

For a rough survey the approach

x Smin

may be used by taking into account the hardening of the penetrating

radiation with increasing shield thickness. Here S(x) means the

energy loss of protons at an energy corresponding to a residual range x,

for example, x = 2 g/cm 2, E = 42 Mev yields S(x)/Smi n = 15/2 = 7.5.

(See figs. 16 and 15.) For a spectrum that falls off steeply (_E -4 to
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E -5) as that of November 12, 1960, during fourteenth to thirty secondth

hour after the flare (see fig. 9), this approach is about right for

x = 2 g/cm 2 thickness; however, it is too low by a factor 3 for large

shield thicknesses (25 g/cm2). For a spectrum that is flat in the tenth

and hundredth Mev range as is the prompt spectrum of February 23, 1956

(_E-1 to E -2, fig. 9), this approach results in a dose rate, which is

too high by a factor 2 for low shield thicknesses (2 g/cm 2) and about

right for shield thicknesses of the order of 25 g/cm 2.

Calculation of the Doses

The tlme-lntegrated formula (1) using the time unit seconds on both

sides can again be written

_n) t
D(x)(rep) = 3.5 " 10-8 N(x)

X

(4)

Here N(x) = N'(R)dE is the omnidirectional flux (protons/cm 2)

=X

integrated over all ranges _x or energies _Ex and over the time and

can be read from the time-integrated integral energy spectrum.

The tlme-integrated average relative energy loss

_R = S(R - X)N,(R)d R--x Smin

N'(R)dR
=X

_0 t
where N'(R)dR = N'(R)dR dt are the number of protons accumulated

with time between R and R + dR is the same as that given in

formula (3), if the spectrum does not change in its shape with time.

Otherwise, the time-integrated differential range spectrum

_0 t
N'(R) = _'(R)dt where N' has the dimension protons has to be

 2_g/om2

/sV.
used for calculation of \Smin/x
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The range-energy curves (fig. 16) are deduced from the stopping

power formulas (fig. 15) with theoretical values of the average excita-

tion potential I (Bethe, Livingston, F. H. Smith, and Bloch) by integra-

tion of the reciprocal of the rate of energy loss with respect to the

energy. (See refs. 45 to 47.)

These range-energy curves indicate that the range of protons of
energies between 40 Mev and 5OOMev in other materials than water differs

only by an energy-independent factor.

The abscissa in figures lO and 1% the graphs which indicate the

dose rate or dose on the ordinate, secondaries being disregarded, has to

be expanded or contracted by this factor. That means that the equivalent
shielding weight in g/cm 2 of other material is obtained by multiplication

of the water value by this factor. For examples, see following table:

Element

Hydrogen

Aluminum

Iron

Lead

Multiplication
factor

0.55
1.37

1.7

2.5

25 g/cm 2 H20
corresponds to -

13.8 g/cm2
33 g/cm 2 A1

 2.5 g/om2Fe
62 g/cm2

Calculation of the Upper and Lower Limits of

Solar Flare Doses in Figure 138

In figure 13 three kinds of extreme proton events are considered:

low-energy events, high-energyevents# and medium-energyevents.

Low-energy events (Aug. 22# 1958} _May l0t 1_59_ July 14, 1959).-
In these low-energy events only the spectra at a time 14, 33, and 21 and

31 hours, respectively, after the optical flare onset are measured. In
first approach it is assumed that the spectra are constant in shape

during one event, that is3 they differ only by a factor at different
times.

August 22, 1958 event: The event of August 22, 19589 belongs to

the five major events of the year 1958, some of the remaining were of

higher intensity and duration. The riometer in College, Alaska (65 °

magnetic latitude) measured cosmic noise absorption of >lO db at 28 Mc.

8See also reference 7 for spectra and sources.

9See reference 48 for original data.
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The time profile of intensity of particles E _ i00 Mev in the maximum
phase was measured in balloon flight 869 above Fort Churchill (83°mag -
netic latitude). Fourteen hours after the flare the spectrum E > lO0 Mev
was measured in balloon ascent 870 as N(>E) = 109E-4 particles/cm2-sec
(E in Mev). This spectrum was extrapolated downto 40 Mev and used as
basis for the calculation of the dose rates at this particular instant.
By following the intensity record over the time and using the dose rates
D14(x) calculated from the spectrum after 14 hours as point of reference,
the lower limit of doses in figure 13 is obtained. An upper limit of
doses is calculated by assuming for free space validity of the law

= Do suggested by Winckler and inserting t o = 2 hours, again

using Dl4(X) as a reference. Dose values twice as high are obtained.
The dose value behind few gram/cm2 H20 is smaller than 4 rep and falls
off steeply with shield thickness x; thus, the shielding problem in
this case is of lower magnitude.

May i0, 1959 event: The lower limit of doses for the frequently
cited May i0_ 1959 eventI0 is calculated by assuming that the flux from
the beginning of the proton surge as measuredwith the riometer in Collegej
Alaska (65° magnetic latitude) remained constant at the peak value
obtained with balloon above Minneapolis (55° magnetic latitude) after
35 hours whenthese particles reached this low latitude during magnetic
disturbances, and then to fall off according to the presented riometer
record. II The riometer of 28 Mc of Reid and Leinbach (ref. 40) in College,
recording the time profile of intensity of low-energyparticles, went off
scale for 18 hours during the period of maximumflux. On the basis of an
extrapolation of this riometer record which is however highly arbitrary,
a five time higher upper limit of doses is given in figure 13.

July 14, 1959 event: In the case of the July 14, 1959 extreme
intense event - apparently of shorter duration than the May event - the
prompt dose rate for free space of 3 X i0 rep/hr of protons >40 Mev for
the time i hour after the flare inferred by Winckler from comparison of
balloon and Pioneer V measurements(the latter in a distance of 5 × 106 km
from the earth) leads to values of total dose of the sameorder of magni-
tude as the above upper limit of the May event. For the dose calculation
in the case of the July 14 event, a rapid increase of intensity in the
first hour after the flare and then a decrease according to an inverse t 2
law and as reference point the flux after 31 hours and the samespectrum

lOSee reference 40 for riometer data and spectrum.
IIA similar assumption and a similar calculation for carbon as

shielding materialwas already madeby W. Keller and N. M. Schaeffer

(refs. 4 and 21) with substantially the same result. Essentially the
same dose values are also reported by Fichtel (ref. 49) and Naugle

(ref. 50) for a typical extreme fluX low-energy event.
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as that of May i0 is assumed. It is dubious, as emphasized by Winckler#

that the rise time _as only of the order of 1 to 2 hours and that the t 2

law is valid so close back to the time of the optical flare. These upper

doses for extreme low-energy events should therefore be considered as

highly conservative. An evaluation of more recently available riometer

and ionospheric scattering data obtained during extreme-flux low-energy

events may lead to substantially lower upper limits of doses in these

events. On the other side the possibility remains that, even at polar

latitudes near the earth, a part of the flux may be missed because dis-

tortions of the geomagnetic field or interplanetary fields may prevent

particles from coming close to the earth. On some occasions the particles

may have full access to a spacecraft outside the earth's magnetic field

during the maximum intensity phases, undisturbed or even guided by inter-

planetary magnetic tongs originating on the sun according to the hypotheses

of Gold_ Carmichael, and other scientists.

The February 23, 19_6 hlgh-energy event.- In the case of this most

intense high-energy event (observed since 1938) where particles with

energies >20 Bey are found, two spectra are derived from the measurements:

The prompt spectrum (Simpson, Van Allen, Winckler, refs. _l to _3 and 6)

and the 19-hour spectrum (Bailey, ref. 9). The spectra have different

shape. The flux of high-energy particles (E > 1 Bey) decreased apparently

much more rapidly with time (by a factor 4,000) than the flux in the low-

energy part of the spectra (a factor of 20) during the considered 19 hours. _

The lower limit of doses in figure 13 _as found by assuming that the prompt

spectrum decreases as fast as the high-energypart according to an inverse

t2 law (really the decrease is about exponential, that is slower); thus

dose values which are certainly too low are obtained. An upper limit of

doses can be calculated by assuming that the prompt spectrum decreases

with equal shape as slowly as the low-energypart according to an expo-

nential time law. The upper limit given in figure 13 for the February

1956 event is by a factor 1.5 to 2 lower, when the fact that the influx

of low-energyparticles is generally delayed is taken into account. This

upper limit is obtained by starting with the prompt dose-rate curve and

by using the time decay law D = D o with energy-dependent to to

fit the dose-rate curve after 19 hours. This assumption includes that

the maximum of the low-energy flux in the hundredth of Mev range is

delayed by about 3 hours. It may be mentioned that the flux values in

the high-energy range of the prompt spectrum estimated by Winckler and

adopted in these dose calculations are higher by a factor _ to l0 than

those estimated by other authors. (See refs. _l and 38.) The above

upper limit of doses appears therefore as a conservative estimate.

The November 122 1_60 medium-energy event.- The notation medium-

energy event is used because the neutron intensity at sea level was

increased only in high latitudes and because this increase _as only in
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the order of I00 percent above galactic cosmlc-ray background and indi-

cated low flux in the Bev range. On the other side, the intensity of

low-energy particles in the hundredth of Mev range was very high. In

the February 1956 high-energy event, the maximum of the neutron surge

was 3,600 percent in high latitudes as seen in figure ll; a low increase
of neutrons in mountain altitudes was observed even at the equator and

pointed to a noticeable flux in the energy range above 14 Bey.

The lower limit of doses of the November 123 1960 event (see fig. 13)

is calculated by assuming that the spectra measured in photoemulsions

(Fichtel and Guss) and scintillation counters (Davis and Ogilvie) in

rockets 1840 UT (Nov. 12).and 1603 UT (Nov. 13) are valid for the 9 hours

from 1430 to 2330 (Nov. 12) and 24.5 hours from 2330 (Nov. 12) to 2400

(Nov. 13), respectively. (See fig. 17.) The above spectrum 1840 (Nov. 12)
is the spectrum at the intermediate minimum of the neutron surge (see

fig. 17) 5 hours after the optical flare 3* (Onset 13223 Nov. 12). The

1603 (Nov. 13) spectrum is measured 27 hours after the flare, nearly at

the end of the event. (These lower limits of spectra are indicated in

fig. 17; they lie in the lO0 Mev range about 40 percent lower than the

first and last of the three spectra given in fig. 9, that are derived

from a greater amount of data.) Thus the tlme-integrated fluxes and doses
based on these spectra during the given time periods are considered as

lower limits. (See fig. 13, lower limit of doses.)

To estimate upper limits of fluxes and doses in this event, the spec-

tra indicated in figures 9 and 17 are used. These spectra are composed in

the following way: During the maximum period of the neutron flux in Deep

River (1430 to 2330, November 12), the flux in the high-energy range must
have been higher than at the minimum 1840. Therefore 3 an average spectrum

for the period 1430 to 2330, November 12, is given in figures 9 and 17 which

uses in the low-energy range the scintillation measurements of Davis and

Ogilvie at 1840 and in the medium- and high-energy range the emulsion mea-

surements of Fichtel and Guss# the latter multiplied by a suitable factor

to meet with a slope E-3 the point at 2 Bey estimated by Van Allen for

this period on the basis of the neutron data.

For the instant 2330 and _ hours later, Van Allen's estimate at 2 Bev

and his measurement N(E > 30 Mev) with Explorer VII, the one point of the

Fichtel and Guss measurements at 150 Mev with the rocket at 2330, and in

the low-energy range the values of Davis and 0gilvie for 2330, November 12,
are used.

As upper spectrum in the last period 330 to 2130, November 13, the
values of Davis and 0gilvie at 1603 in the low-energy range (E _ 50 Mev)

and the spectrum measured by Winckler in balloon ascent at 2122_

November 13, in the high-energy range (E > lO0 Mev) were used. Winckler's

spectrum is extrapolated back to the time 1603 by means of his time pro-
file of intensity E > lO0 Mev (ref. 8).



45

IO5

lO 4

i

io2

I01

Winckler

16:03

il

I0" --
10-4 10-2 I0 -I I t01

Energy, BEV

Figure 17.- Spectra of the November 12, 1960 event from which the upper

and lower limits of doses given in figure 13 are derived.
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The flux values of Davis and 0gilvie at 1603 in the low-energy range

are higher than those of Fichtel and Guss within the same rocket shot.

The values in the medium-energy range (90 to 350 Mev) at 1603 extrapolated

from Winckler's balloon measurements at 2122 and his intensity time pro-

file are found also to be about 60 percent higher than the emulsion

measurements of Fichtel and Guss at 1603. The former values are there-

fore considered as upper limits of fluxes at 1603.

By integrating the fluxes given by these spectra over the corre-

sponding time periods, the following upper and lower limits of time-

integrated fluxes in protons/cm 2 are obtained.

November 12, 1960

Energy

protons/om 2

E > 40 Mev

2 × 109

to

3 × lO9

E > 80 Mev

4.8 x 108

to

7.3 x l08

E > i00 Mev

2.6 X lO8

to

4.5 X lO8

E > 200 Mev

2.2 x 107

to

9.6 x 107

In this calculation the assumption is made that the particles arrive

isotropic from the onset. Within the first 9 hours, a period when iso-

tropy is part of the time in doubt, the flux >40 Mev does not surpass

3 to 4.5 X l08 protons/om2; hence, the numbers for the total flux >40 Mev

are not substantially affected by this simplifying assumption.

The lower limit of the tlme-integrated flux E > 40 Mev for this

event is by about a factor 1.5 to 2 higher than Van Allen's result,

2 X 109 protons/cm 2 for the November 12 and 15 event, since both events

were of comparable size. The dose value behind 2 g/cm 2, for November 12,

of 600 to 800 rep is roughly in agreement with the value 700r given by

Van Allen for both events in the meeting of the NASA Energetlc Particle

and Field Subcommittee in Boulder, Colorado, on October 5, 1961.
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